ABSTRACT The problem of determining small but significant amounts of carbohydrates, in purified proteins, has been studied using the membrane protein, cytochrome b5 . A newly developed method that involves direct gas chromatography-mass spectrometry of sugars obtained by hydrolysis of proteins purified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) allows the identification and determination of small amounts of carbohydrates (e .g ., 20 I-Lg of glycoprotein containing a minimum of 0.1% monosaccharid e), even in the presence of relatively high amounts of impurities . Application of this method to cytochrome b5 fragments obtained by tryptic digestion from rat liver microsomes and purified by combined gel filtration and ion exchange chromatography, followed by SDS PAGE, has consistently yielded values below 0.07 mol of the individual sugars and aminosugars per mole cytochrome b 5 . It is concluded that cytochrome b 5 , at least its trypsin-released major aminoterminal fragment, is not constitutively glycosylated .
In studies of the synthesis and modification of proteins, especially membrane proteins, the question of the glycosylation of specific proteins is of fundamental importance . Although efficient methods exist for the determination of sugar components present in proteins relatively rich in carbohydrates, the detection of carbohydrates in proteins that are low in relative sugar content and can be obtained in purified form only in limited amounts is still a methodological problem. To clarify the possible existence of sugars in certain proteins, a method has been developed that allows the unequivocal identification and determination of very small amounts of sugars in polypeptides separated and purified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) . The value of this method is demonstrated using the example of the widespread membrane protein, cytochrome bs, which has been repeatedly reported to be glycosylated. Cytochrome b5 is a relatively wellcharacterized membrane constituent of endoplasmic reticulum (ER, e.g ., references 8 and 38) . Relatively smaller concentrations of this protein have also been found in isolated nuclear envelope (10, 21) , outer mitochondrial membrane (9, 12) , Golgi apparatus (18, 19 ; see, however, reference 33) , and in several plasma membrane fractions (3, 4, 19 ; see, however, reference 34) . Preparation and purification (29) , intramembrane orienta-THE JOURNAL OF CELL BIOLOGY " VOLUME 89 JUNE 1981 615-620 ©The Rockefeller University Press " 0021-9525/81/06/0615/06$1 .00 tion (31, 38) , re-integration into membranes in vitro (7), immunological localization (9) , and at least some functions (17) of this protein have been described. The complete amino acid sequence of the major tryptic fragment (31) as well as of whole cytochrome b5 (8) has been established .
In spite of the numerous and intensive studies, it is still not clear whether cytochrome b5 is a glycoprotein. For human apocytochrome b5 prepared by the detergent method, Ozols (30) has reported a content of 10-15 glucose equivalents as determined by the phenol-sulfuric acid procedure . The glycoproteinaceous character of rat liver cytochrome b5 and tryptic peptide fragments derived therefrom has recently been reported by Winqvist et al. using lectin-binding assays (40) and in vivo labeling of the sugar moieties and subsequent immunoprecipitation of the protein (5) . If proven, this would provide the first case of an identified and purified protein that is glycosylated on the outer (cytoplasmic) side of endomembranes or in the "free" cytosol . Clarification of this question is of special importance also in relation to the discrepant reports on the biosynthesis of this protein (5, 14, 28, 32) . Therefore, it was necessary to rigorously purify the protein, with SDS PAGE as the final step, and to examine the sugar content by a method not biased by carbohydrate-containing contaminants . Since direct application of established gas chromatography (GC) methods for the identification of carbohydrate components is excluded by the presence of considerable amounts of acrylamide contaminants interfering with quantitative evaluation by flame ionization detection, combined GC-mass spectrometry (MS) has to be used .
MATERIALS AND METHODS

Proteins and Chemicals
Rat liver microsomes were prepared as described (19) . Tryptic fragments of cytochrome bs were purified essentially according to Omura and Takesue (29) . Fractions of 10 ml eluted from the Sephadex G-100 column were monitored at 413 am, and each fraction was examined by spectral analysis in the whole range from 400 to 500 nm . The 15 fractions of the peak containing cytochrome b 5 were further purified on DEAE cellulose (29) , and the cytochrome b5 peak fraction, eluted between 0.2 and 0.37 M KCl (monitored again at 413 min), was dialysed, lyophilized, and the protein characterized by difference spectra (Fig . 1) . The spectral peaks recorded were at 424, 527, and 556 min, in agreement with values reported forcytochrome b5 from mammalian liver (22; forother references see 12 and 19) . From the absorption data a heme content of 67 nmol/mg protein (range 65-74) was estimated; using a mean molecular weight of 13,500 (cf. references 4, 12, and 31), this was estimated to represent a relative heme content of 90.5%. From 1,650 mg of washed microsomes, 4.9 mg of "purified cytochrome b.," was recovered. Preparations of cytochrome b5 tryptic fragments either were applied directly to SDS PAGE or were purified by an additional immunoprecipitation step with rabbit IgG against rat liver cytochrome b. , as used in our laboratory (19) . Immunoprecipitates were applied to SDS PAGE. Fetuin was obtained from Calbiochem (San Diego, Calif), and human transferrin from Miles Inc. (Elkhart, Ind.). Vimentin was prepared from murine 3T3 cells as described (11) , and rabbit skeletal muscle actin was a kind gift of Dr. P. Dancker (Max-Planck-Institut fur medizinische Forschung, Heidelberg, W. Germany) . Reference sugar compounds were of biochemical grade (Merck, Darmstadt, W. Germany), and cytochrome c and neuraminidase were purchased from Boehringer (Mannheim, W. Germany) .
Gel Electrophoresis and Protein Preparation
Gel electrophoresis was performed using the systems of Laemmli (23; 7.5 and 10% acrylamide slab gels) and Thomas and Kornberg (39; 20% slab gels) after fluorescent labeling of the proteins as described by Engand Parkes (6) . Examples of two different preparations of tryptic fragments of cytochrome b5 are shown in Fig. 2 . The identity of both major polypeptides observed as fragments of cytochrome 65 was also established by gel electrophoresis, in adjacent slots, of immunoprecipitates with anti-cytochrome ba IgG as presented previously (reference 19). For SDS PAGE preparation of polypeptides, including the major tryptic fragments of apocytochrome b " bands were excised from various numbers (10-30) of 9-mm broad slots of slab gels (1 .5 mm thick, 13 cm in width). These samples were minced to small pieces of -1 mm:' with a razor blade, and the proteins were extracted from the gel with 50 mM barbital buffer, 0.1% SDS, I% R-mercaptoethanol (pH 8.6) by stirring overnight at room temperature (2). The FIGURE 1 Difference spectrum of purified trypsin fragment of cytochrome be. Dithionite-reduced vs . oxidized protein was recorded at room temperature. Optical path was 1 cm and band width 3 mm . For further details, see reference 19 .
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THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981 were separately excised (brackets) and analyzed in comparison with slices (same size) of adjacent regions (between, below, and above the bands) and apparently protein-free "blanks" from more distant regions of the gel.
protein solution was transferred by a Pasteur pipette into a centrifuge tube, and the gel "fines" were pelleted (10 min at 3,500 g) . The supernate was filtered through an "Acrodisc" disposable sterile filter assembly (0.2-fpm pore size; Gelman Instrument Co ., Ann Arbor, Mich .) into a Teflon-lined screw cap tube (15-mm diameter, Sovirel, Levallois, France) and was precipitated overnight at -20°C by addition of 9 vol of acetone . The precipitated protein was centrifuged at 3,500 g for 10 min and the supernate was discarded. The pellet was dried under a stream of nitrogen at room temperature and solubilized by sonication in l ml of distilled water. After hydrolysis of N-acetyl-neuraminic acid (NANA) in 0.1 N H2SO4 (by addition of 501x1 of 2 N H2SO4, 80°C for 1 h), the protein was again precipitated with acetone at -20°C. NANA was determined in the supernate by the periodate-resorcinol method described by Jourdian et al. (20) after evaporation of the organic solvent with nitrogen . Subsequently, the residue was hydrolyzed for sugars and amino sugars (0.6 N HCI, 100°C, 14 h; for release of individual sugars, see reference 25 and, particularly for fetuin, reference 36). Protein was determined as follows: After hydrolysis the sample was centrifuged (3,500 g for 10 min) . An aliquot (0.05 or 0.1 vol) of the supernate as well as the total pellet were dried, and each sample was redissolved in 501a1 of 0.1 N NaOH ; 5001x1 of Lowry reagent C (24) and 50 pl of theFolin reagent, respectively, were added, resulting in an absorbance of -0 .035 OD at 500 nm for 2 Pg of bovine serum albumin. Recovery of proteins is demonstrated in Fig. 3 . After elution of protein from the gels (20-400 Wg applied pergel) in the buffer described, centrifugation, filtration, andprecipitation in acetone, recoveries in the range from 26 to 38% were routinely found for different types and sizes of proteins, including cytochrome c (M,: 12,300), fetuin (M,: 44,300), and transferrin (M,: 76,000).
Derivatization
The method reported earlier (37) was modified as follows: All evaporations were done only at 40°C by a stream of nitrogen . Before reduction, the internal Protein applied on the gel (pg) electron input mode; source temperature 150°C; electron emission 0.8 mA;
electron energy 80 eV; MIS interval 0.1 s, 1 Hz ; resolution 1,500 ; 10% valley .
Because mass spectrometric resolution of 800 is satisfactory, the method described is not restricted to magnetic sector instruments . On the basis of the mass spectra obtained by direct inlet of alditol acetates of reference sugars (Fig . 4a-c, neutral deoxy and amino sugars), polyacrylamide fines, and hydrolysate of carbohydratefree proteins (Fig . 4 d and e), masses were selected that are characteristic for the specific sugar derivatives and different from "background ." The typical fragment for the deoxy sugars chosen was m/e = 231, whereas m/e = 259 was found to select for both neutral and amino sugars. MIS recoveries were determined for each experiment using an equimolar mixture of fucose, 2-deoxy-D-glucose, mannose, glucose, galactose, glucosamine, and galactosamine . Especially important was the confirmation of the m/e intensity ratio of 231/259. By exclusion of "background" (i .e., material other than sugar derivatives) at the masses 231 and 259, additional mass recording could be omitted, resulting in a relatively high measuring time interval per channel. The mass fragmentogram of a mixture of alditol acetates of reference sugars, after 20 min of separation, using the nonpolar glass capillary, is shown in Fig . 5 . Fig. 6 presents the application of the GC-MS method purified by PAGE (fetuin), and Table I FIGURF 6 Mass fragmentogram of the sugar derivatives of the hydrolysate of fetuin prepared by PAGE (40jag of protein recovered, 2 jag of internal standard added; for further explanation, see Fig. 3 ) . The asymmetric artifact peak near the region where fucose is normally detected is consistently observed and is derived from acrylamide acetate from the gel; however, it does not interfere with determination of fucose ( 1) .
RESULTS AND DISCUSSION
Cytochrome b5 fragments (Fig . 2) , obtained by tryptic digestion and purified by gel filtration, ion exchange chromatography and PAGE, were characterized by quantitative spectroscopic measurements (cf. Fig. 1 ) and immunoprecipitation (cf. reference 19) and examined for sugar contents . Some sugars (0.5-2 mol/mol protein) were detected in cytochrome b5 preparations 618 THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981
obtained by gel filtration and ion exchange chromatography only, with mannose, glucose, galactose, and glucosamine as the major components identified . These small amounts of sugars might include sugars introduced during the preparative procedures. In cytochrome b5 fragments that were additionally purified by SDS PAGE, no significant amounts of sugars could be detected. Substoichiometric trace amounts of mannose, galactose, glucosamine, and galactosamine never exceeded 0.2 mol of sugar/mol cytochrome b5 (Fig . 8) , and this represented only 0 .07 mol of sugars, if corrected for background levels found in apparently protein-free "blank" regions of the same gel . Identical values of low carbohydrate contents (0 .07 mol/ mol protein) were obtained when proteins from the different bands of cytochrome b5 fragments were analyzed (see Fig . 2 , cf. reference 19) . Glucose, which was present in such preparations in 0 .2-to 0 . 8-F&g quantities, was not proportionally correlated with increasing protein concentrations and was probably caused by contamination from various polyglucan materials (e .g ., dialysis bag, Sepharose, paper, dust particles) introduced during the preparation of the protein . Similar trace amounts of "background" sugars were encountered in nonglycosylated proteins such as actin, cytochrome c, and vimentin purified by SDS PAGE analyzed in parallel . The demonstrated absence of stoichiometric amounts of sugars in purified cytochrome b5 appears to be in contrast to observations reported by other authors (for references, see Introduction) . While the hexose contents determined by Ozols (30) using the phenol sulphuric acid procedure could be caused by the presence of some sugar contaminants introduced during the column chromatography involved, the sugar contents reported by Elhammer et al . (5) and Winqvist et al . (40) are more difficult to explain. The nonquantitative data of these authors critically rely on the specificity of the immunoprecipitation step included in their preparation . However, the purity of the immunoprecipitates obtained cannot be adequately assessed from the published data in which whole rabbit antisera were used (5) . Furthermore, the specificity of the antibody preparations used was examined only by double immunodiffusion (Ouchterlony) tests (5, cf. reference 17), a method that cannot unequivocally demonstrate the specific and exclusive reaction with only one protein. Therefore, it is not excluded that the galactose and glucosamine contents reported by Elhammer et al . (5) could be derived from co-precipitated glycoprotein(s). Moreover, the reported introduction of radioactivity into cytochrome b5 by treatment with galactose oxidase and tritiated sodium borohydride cannot be considered as a demonstration of carbohydrate content per se as long as it is not excluded that the label is in amino acids (cf. reference 13) .
The present studies show that highly purified cytochrome b5 fragments do not contain stoichiometric amounts of carbohydrates. This seems to be in accord with the general concept that mechanisms of co-and post-translational protein glycosylation are membrane-located in such a way that proteins present in the cytosol or oriented toward the cytoplasmic phase are not covalently linked to carbohydrate chains .
Our determinations, however, do not exclude the presence of carbohydrate residues that may be embedded in the membrane along with the carbohy-terminal portion of cytochrome b5 which is not included in the trypsin-released major fragment of the molecule (cf. references 8, 30, 31, and 38). The procedure developed to examine possible low carbohydrate content in polypeptides purified by SDS PAGE allows a sensitive and unequivocal determination of sugars and amino sugars in gelpurified components, and this should be of general value in analyses of defined protein components in cell biology.
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